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Adhesion of enteropathogenic Escherichia coli to
epithelial cells triggers actin-rich pedestal formation
beneath the bacteria. Pedestal formation requires
delivery and insertion of the bacterial translocated
intimin receptor (Tir) into the host plasmamembrane.
The C-terminal regions in Tir, encompassing Y483
and Y511, share sequence similarity with cellular
immunoreceptor tyrosine-based inhibition motifs
(ITIMs), which are critical regulators of eukaryotic
signaling pathways. We demonstrate that Y483 and
Y511 within tandem ITIM-like sequences are essen-
tial for recruiting SHIP2, a host inositol phosphatase.
SHIP2 controls condensed F-actin-pedestal forma-
tion by engaging the adaptor SHC and by generating
a PI(3,4)P2-enriched lipid platform for recruitment of
the cytoskeletal regulator lamellipodin. Therefore,
mimicry of eukaryotic receptor motifs by Tir controls
both the lipid and protein composition of the
signaling platform necessary for pedestal formation.
Further, the dual action of SHIP2’s scaffolding and
phosphatase functions ensures tight compartmen-
talization and coordination of actin dynamics during
pedestal formation.
INTRODUCTION
Remodelling of the actin cytoskeleton is critical to a variety of
cellular processes including cell migration, proliferation, and
apoptosis (Fraley et al., 2005). Consequently, many bacterial
and viral pathogens subvert the host actin machinery to promote
their uptake, spread and dissemination (Hayward et al., 2006).
The important diarrheal pathogens enteropathogenic (EPEC)
and enterohemorrhagic (EHEC) Escherichia coli rearrange the
host cytoskeleton directly beneath adherent bacteria to form
F-actin pseudopodia, termed pedestals, which act to both
enhance bacterial colonization and promote diarrheal disease
(Moonet al., 1983;Donnenberg andWhittam, 2001; Frischknecht
and Way, 2001; Campellone et al., 2004a; Hayward et al., 2006).
Pedestal formation requires bacterial adhesion to the surface
of human intestinal cells prior to bacterial delivery of the translo-
cated intimin receptor (Tir), which inserts into the host plasmaCellmembrane with both termini exposed in the host cytoplasm.
The central extracellular domain is engaged by the bacterial
surface ligand intimin that promotes intimate attachment of the
bacterium to the host cell. Intimin-dependent Tir clustering stim-
ulates actin polymerization via N-WASP-Arp2/3 dependent
signaling (de Grado et al., 1999; Kalman et al., 1999; Lommel
et al., 2001; Phillips et al., 2004; Hayward et al., 2006). However,
EPEC and EHEC each trigger divergent signaling cascades to
recruit N-WASP (Figure 1A). Clustered TirEPEC is tyrosine phos-
phorylated by host kinases (Phillips et al., 2004; Swimm et al.,
2004). Phosphorylated TirEPEC Y474 binds the cellular adaptor
Nck to recruit N-WASP, whereas phosphorylated TirEPEC Y454
stimulates a lower efficiency Nck-independent pathway (Cam-
pellone et al., 2004b; Campellone and Leong, 2005). In contrast,
EHEC delivers its own adaptor, EspFu (also known as TccP),
which binds the TirEHEC NPY458 tripeptide via proteins of the
insulin receptor tyrosine kinase substrate p53 (IRSp53) family
(Vingadassalom et al., 2009; Weiss et al., 2009) and recruits
and activates N-WASP independently of Tir phosphorylation
(Campellone et al., 2004b; Garmendia et al., 2004; Cheng
et al., 2008; Sallee et al., 2008).
Whereas EPEC and EHEC are reliant upon C-terminal tyro-
sines, specifically TirEPEC Y474 and TirEHEC Y458, for efficient
actin rearrangements, the regions encompassing Y483 and
Y511 in TirEPEC and Y490 and Y519 in TirEHEC have no assigned
function. Interestingly, these regions share sequence similarity
with cellular immunoreceptor tyrosine-based inhibition motifs
(ITIMs) (Barrow and Trowsdale, 2006; Daeron et al., 2008). ITIMs
are critical for downregulation ofmany eukaryotic signaling path-
ways, including actin-dependent processes such as phagocy-
tosis. Ligand-dependent ITIM-clustering leads to the recruitment
of src-homology 2 (SH2)-domain containing phosphatases,
which dephosphorylate target proteins or lipids to restrict further
downstream cell signaling. ITIM-mediated regulation relies upon
the conserved tyrosine residue within the consensus sequence
S/I/V/LxYxxI/V/L (Coggeshall et al., 2002; Barrow and Trow-
sdale, 2006; Daeron et al., 2008). Therefore, we sought to deter-
mine whether the EPEC/EHEC Tir tyrosine residues within puta-
tive tandem ITIM-like sequences (TILS) might play an important
role in regulating actin-pedestal formation.
RESULTS
TirEPEC TILS Controls Actin-Pedestal Morphology
To determine if the putative TILS contained within EPEC and
EHEC Tir have a role in regulating pedestal formation, weHost & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier Inc. 13
Figure 1. Control of Actin-Pedestal Morphology by EPEC Tir Y483 and Y511
(A) A schematic indicating the position of C-terminal tyrosine residues in EPEC (left) and EHEC (right) Tir that are exposed to the host cell cytoplasm. Pedestal
formation by both EPEC and EHEC requires N-WASP-triggered activation of Arp2/3 for actin nucleation. Clustered EPEC Tir in the cellular plasma membrane
is phosphorylated at residueY474 triggering host adaptor Nck recruitment, whichbinds and stimulatesN-WASP. EPECcan also generate pedestals through lower
efficiency Nck-independent pathways (dashed black line). EHEC Tir clustering promotes interactions between Tir Y458 and the bacterial effector EspFu, which
binds and activates N-WASP.No role has been assigned for Tir tyrosine residues Y483 andY511 in EPECTir andY490 andY519 in EHECTir in pedestal formation.
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EPEC Tir Recruits the Host Cell Phosphatase SHIP2substituted the tyrosine residues within each TILS for phenylala-
nine (Figure 1A). The impact of these tyrosinemutations on EPEC
and EHEC pedestal formation was initially examined by uncou-
pling Tir delivery and actin rearrangements using a ‘‘prime
and challenge’’ assay. Cells were ‘‘primed’’ with Tir by incubation
with EPEC and EHEC strains that carry eae and tir null
mutations (encoding intimin and Tir, respectively), but express
plasmid-encoded Tir derivatives. ‘‘Challenging’’ primed cells
with a nonpathogenic laboratory strain of E. coli expressing
plasmid-encoded intimin triggered Tir clustering and subse-
quent pedestal formation. The TirEPEC derivatives TirEPEC Y483F,
TirEPEC Y511F, or TirEPEC Y483F Y511F generated pedestals via
the same pathway (see Figure S1A available online) and to
the same efficiency (data not shown) as TirEPEC. Mutation of
all four Tir C-terminal tyrosines (TirEPEC Y454F Y474f Y483F Y511F)
resulted in a severe impairment of bacterial attachment, as
previously seen for Tir EPEC Y474F (Phillips et al., 2004).
Pedestals formed by TirEPEC consisted of compact F-actin-
dense structures that were visible directly beneath adherent
bacteria (Figure 1B). Mutation of either TirEPEC tyrosine residue
alone (TirEPEC Y483F or TirEPEC Y511F respectively) resulted in actin
pedestals that were impossible to differentiate from those
formed by TirEPEC (Figure S1B). In contrast, profound abnormal-
ities in the actin-pedestal structure were observed in those
induced by the TirEPEC Y483F Y511F TILSmutant (Figure 1B). These
deformed uncondensed pedestals were composed of multiple,
disordered actin-rich protrusions radiating out from a single
bacterium. Scanning electron microscopy of these aberrant
pedestals revealed that these disordered actin structures are
composed of multiple discrete membrane protrusions below
individual bacteria (Figure 1C). In addition, TirEPEC Y483F Y511F
pedestals were significantly longer than those formed by TirEPEC
(Mann-Whitney U test, n = 300, z = 7.613; p < 0.001), having
a median length of 1.6 mm (compared with 1.2 mm for TirEPEC)
and a maximal length of 4.2 mm (TirEPEC was 2.6 mm).
In contrast to EPEC, mutation of the equivalent tyrosines in
TirEHEC, either individually or in combination, had no effect on
pedestal morphology (Figure 1D and Figure S1B). These obser-
vations demonstrate a role of the TILS in the regulation of EPEC,
but not EHEC, actin-pedestal morphology.
The Inositol Phosphatase SHIP2 Is Recruited to TirEPEC
TILS
Becausemutation of the TirEPEC TILS deregulated actin-pedestal
morphology, we next examined if this putative motif mimics hostThe regions surrounding these residues share sequence similarity to the eukaryo
(TILS). Conserved tyrosine residues in EPEC and EHEC Tir appear in the same c
hand panel: Amino acid sequence alignment of regions surrounding the tyrosine
Tir (Y490 and Y519), with the ITIM consensus sequence. Residues that correspon
(B) Immunofluorescence micrographs showing actin-pedestal morphology in He
laboratory E. coli expressing intimin. Pedestals were visualized on fixed cells by
phalloidin and bacteria (blue) with DAPI. The actin channel alone is shown in grays
alent data were obtained with NIH 3T3 fibroblasts (data not shown). Scale bar is
(C) Scanning electron images of pedestals induced on HeLa cells by priming with
expressing intimin (1 hr). The pedestal components F-actin and bacteria are faux co
2 mm.
(D) Images showing actin pedestals formed on HeLa cells following a prime (3 hr)
intimin. Fixed cells were processed for immunofluorescence microscopy as in (B
Figure S1.
CellITIMs by recruiting a cognate cellular SH2-containing phospha-
tase, specifically the protein tyrosine phosphatases SHP1 and
SHP2, and the inositol-5-phosphatases SHIP1 and SHIP2.
HeLa cells were transiently transfected with each phosphatase
fused to C-terminal YFP prior to wild-type EPEC and wild-type
EHEC infection. Western blotting demonstrated that each phos-
phatase was equivalently expressed (Figure S2A). SHIP2 was
clearly recruited to the tip of wild-type EPEC induced pedestals
while equivalently tagged SHP1, SHP2, and SHIP1 were absent
(Figure 2A). Identical results were obtained when the phospha-
tases were fused with a C-terminal HA tag (data not shown). In
contrast, none of these phosphatases localized to pedestals
formed bywild-type EHEC (Figure S2A). In addition, endogenous
SHIP2 only localized to pedestals generated by wild-type EPEC
(Figure 2B). Cellular transfection with either YFP-tagged SHIP2
SH2 domain or proline-rich domain (PRD), or truncates lacking
the SH2 domain or PRD, showed that localization of SHIP2 to
EPEC pedestals required both SH2 and catalytic domains, but
not the PRD (Figure S2B). None of these SHIP2 derivatives had
a dominant-negative effect on pedestal formation, suggesting
that the level of recruitment of endogenous SHIP2 in these cells
is sufficient for normal pedestal generation.
We next established whether the recruitment of SHIP2 to
EPEC pedestals was dependent upon the TirEPEC TILS motif.
SHIP2 localized to the tip of 95 ± 1.0% TirEPEC-induced
pedestals but this was reduced to only 4 ± 1.2% of pedestals
generated by the TILS mutant TirEPEC Y483F Y511F (Figure 3A).
SHIP2 was also observed at the tip of pedestals induced by
TirEPEC carrying either single tyrosine mutation, although recruit-
ment to TirEPEC Y483F pedestals was reduced compared with
TirEPEC Y511F (32 ± 3.3% and 91 ± 1.2% respectively). These
data demonstrate that the TirEPEC TILS recruits SHIP2 to actin
pedestals.
SHIP2 Controls EPEC Actin-Pedestal Morphology
SHIP2 regulates cellular receptor signaling pathways to coordi-
nate cytoskeletal dynamics at the plasma membrane (Dyson
et al., 2005; Prasad and Decker, 2005). Therefore, we investi-
gated whether TILS-dependent SHIP2 recruitment to EPEC
pedestals influences actin-pedestal morphology during cell
infection. Endogenous SHIP2 mRNA was targeted for degrada-
tion by transfecting HeLa cells with specific siRNA, and its
knockdown confirmed by immunoblotting (Figure S3), prior to
wild-type EPEC infection or a prime and challenge assay. Both
wild-type EPEC and TirEPEC formed characteristic compact actintic regulatory motifs ITIMs and are referred to as tandem ITIM-like sequences
olor. EHEC Tir does not contain a tyrosine equivalent to EPEC Tir Y474. Right-
residues of the putative TILS motifs of EPEC Tir (Y483 and Y511) and EHEC
d to the cellular ITIM consensus sequence are indicated in bold.
La cells primed (3 hr) with TirEPEC or TirEPEC Y483 511F and challenged (1 hr) with
staining for Tir (green) using an anti-Tir antibody, F-actin (red) using Texas-red
cale. These are representative data from five independent experiments. Equiv-
2 mm.
TirEPEC (upper) or TirEPEC Y483F Y511F (lower) (3 hr) before a challenge with E. coli
lored red andblue, respectively, using AdobePhotoshop software. Scale bar is
with TirEHEC or TirEHEC Y490F Y519F and a challenge (1 hr) with E.coli expressing
). The actin channel is shown alone in grayscale. Scale bar is 2 mm. See also
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Figure 2. Recruitment of the Inositol Phosphatase SHIP2 to EPEC-
Induced Pedestals
(A) The cellular distribution of the SH2-domain containing phosphatase deriv-
atives SHP1-YFP, SHP2-YFP, SHIP1-YFP, or SHIP2-YFP (green) in HeLa
cells. The localization of each phosphatase was monitored after infection
with wild-type EPEC (3 hr) 16 hr post transfection. Fixed cells were stained
with Texas-red conjugated phalloidin to visualize F-actin (red) and DAPI to
visualize cell nuclei and bacteria (blue). The YFP channel is shown alone in
grayscale. Scale bar is 4 mm. Insets show pedestals at a higher magnification.
(B) Endogenous SHIP2 localization in HeLa cells after infection (3 hr) with wild-
type EPEC (upper) or wild-type EHEC (lower). Fixed cells were stained for
cellular SHIP2 (green) using an anti-SHIP2 antibody, F-actin (red), and bacteria
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SHIP2 depletion profoundly affected the morphology of EPEC
pedestals. Approximately 80% of pedestals were split into
distinct, disordered actin protrusions, a morphology that was
strikingly similar to those generated by TirEPEC Y483F Y511F. The
impact of SHIP2 depletion on pedestal morphology was less
pronounced on those formed by wild-type EPEC, because these
pedestals are shorter in length than those generated by TirEPEC.
In contrast, SHIP2 depletion had no effect on the structure of
actin pedestals formed by TirEHEC (Figure S3), which correlated
with the absence of SHIP2 from EHEC pedestals.TirEPEC TILS Recruits the SHIP2-Adaptor SHC to Actin
Pedestals
SHIP2 controls cytoskeletal dynamics at the plasma membrane
through direct interactions with the adaptors SHC (src homolo-
gous and collagen gene), filamin, and p130Cas (crk-associated
substrate) (Dyson et al., 2005). To examine whether the SHIP2-
dependent regulation of actin-pedestal morphology involves
the recruitment of its adaptors, the pedestal localization of
SHC, filamin, and p130Cas was examined in wild-type EPEC-
and EHEC-infected cells. The adaptor p130Cas was absent
whereas filamin was faintly localized at both EPEC- and EHEC-
induced pedestals (Figure S4), suggesting that filamin pedestal
localization is independent of the TILS motif in TirEPEC. Interest-
ingly, like SHIP2, SHC was observed at the very tip of approxi-
mately 85% pedestals generated by EPEC but not EHEC
(Figure 4A and Figure S4C). SHIP2 and SHC also colocalized
beneath adherent wild-type EPEC whereas neither was
observed beneath adherent wild-type EHEC (Figure 4A and
Figure S4C). To investigate whether filamin and SHC pedestal
recruitment was subject to TILS-dependent regulation, their
localization was examined in cells after a prime and challenge
assay. As expected, filamin was observed at actin pedestals
produced by either Tir derivative (Figure S4B), whereas SHC
was clearly recruited to TirEPEC-induced pedestals but not those
generated by TirEPEC Y483F Y511F (Figure S4D).SHIP2 Recruits SHC to EPEC Pedestals upon TirEPEC
Y474 Phosphorylation to Control Actin-Pedestal
Morphology
We next sought to define the steps at which SHIP2 and SHC are
recruited during pedestal formation. To initiate actin-pedestal
formation, TirEPEC is first clustered by intimin and then phosphor-
ylated at Y474. Consequently, TirEPEC Y474F, a Tir mutant that is
clustered but cannot be phosphorylated at Y474 and is therefore
deficient in pedestal formation, was used to examine SHIP2 and
SHC recruitment. Whereas SHIP2 was observed at clustered
TirEPEC and TirEPEC Y474F (90 ± 2.0% and 83 ± 2.9% respectively),
SHC was only recruited to 13 ± 4.5% clustered TirEPEC Y474F,
when compared with 92 ± 2.5% TirEPEC (Figure 4B). Accordingly
SHIP2 and SHCwere observed to colocalize at clustered TirEPEC
but not clustered TirEPEC Y474F (Figure S4D). These data(blue) using Texas-red conjugated phalloidin and DAPI respectively before
visualization using fluorescence microscopy. The grayscale channel shows
endogenous SHIP2 alone. Scale bar 4 mm. Insets show pedestals at a higher
magnification. See also Figure S2.
c.
Figure 3. Recruitment of SHIP2 by EPEC Tir Y483 and Y511 and Its
Requirement for EPEC Actin-Pedestal Formation
(A) Recruitment of endogenous SHIP2 in HeLa cells primed (3 hr) with TirEPEC,
TirEPEC Y483 511F, TirEPEC Y483F, or TirEPEC Y511F before a challenge (1 hr) with
E.coli expressing intimin. Fixed cells were stained with anti-SHIP2 (green),
Texas-red-conjugated phalloidin to visualize F-actin (red) and DAPI, which
localizes to cell nuclei and bacteria (blue). Grayscale shows endogenous
SHIP2. Scale bar is 4 mm.
(B) Representative images showing the impact of SHIP2 depletion on EPEC
actin-pedestal morphology in HeLa cells. Cells were either mock transfected
(upper) or transfected with siRNA specifically targeted against SHIP2 (lower)
(72 hr). Transfected cells were either primed (3 hr) with TirEPEC before a chal-
lenge with E. coli expressing intimin (1 hr) (left) or infected (3 hr) with wild-
type EPEC (right). Pedestal morphology was observed through phalloidin
labeling of F-actin (red) and DAPI to show extracellular bacteria (blue). The
actin channel alone is shown in grayscale. Scale bar is 4 mm. Equivalent results
were obtained frommultiple oligonucleotides targeted against SHIP2 whereas
scrambled controls had no effect on pedestal structure. Normal pedestal
morphology was restored following the expression of plasmid-encoded
SHIP2, thus confirming the specificity of knockdown (data not shown). See
also Figure S3.
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which precedes SHC-pedestal localization, an event that
requires phosphorylation of TirEPEC Y474.CellTo determine the importance of SHC in regulating actin-
pedestal formation, it was depleted from cells prior to infection
with wild-type EPEC (Figure S4F). Like SHIP2, SHC depletion
caused the formation of disordered and unstructured pedestals
composed of discrete actin protrusions (Figure 4C). To further
examine if SHIP2 recruits SHC toEPECpedestals, SHC-pedestal
localization was examined on SHIP2-depleted cells (Figure S4).
SHC was observed at the tip of pedestals induced by TirEPEC
on mock-transfected control cells, but its localization was abol-
ished by SHIP2 RNAi treatment (Figure 4D). In contrast, SHC
depletion had no effect on SHIP2 recruitment to TirEPEC-gener-
atedpedestals (Figure 4D). Parallel examination of actin-pedestal
morphology revealed that TirEPEC also formed aberrant pedestals
onSHC-depletedcells (Figure4D) thatwere immediately reminis-
cent of those generated by either TirEPEC Y483F 511F or by TirEPEC
on SHIP2-depleted cells. These data demonstrate that SHIP2-
dependent recruitment of SHC is critical for the regulation of
the morphology of actin pedestals.
The SHIP2 Product Phosphoinositide PI(3,4)P2
Is Enriched at EPEC Pedestals
Our data so far show that SHIP2 recruits SHC to control TirEPEC
actin-pedestal formation. In addition to the SHIP2 scaffolding
function, SHIP2 also possesses inositol-5-phosphatase activity.
The generation of discrete phosphoinositide products enables
the specific recruitment and activation of multiple proteins to
distinct membrane locations to facilitate the regulation of
a variety of cellular pathways necessary for receptor-mediated
signal transduction, cytoskeletal organization, and membrane
dynamics. Such phosphoinositide binding proteins often contain
pleckstrin homology (PH) and phox (PX) domains, which have
a high specificity for a particular target lipid and when fused to
fluorescent tags can be used to detect discrete phosphoinosi-
tide species (Pizarro-Cerda and Cossart, 2004; Downes et al.,
2005; Hilbi, 2006; Blero et al., 2007). In the cellular environment,
phosphoinositide 3-kinase (PI3K) production of phosphatidyl
inositol 3,4,5 triphosphate (PI(3,4,5)P3) coordinates actin
dynamics at the plasma membrane and is downregulated by
SHIP2 through dephosphorylation of PI(3,4,5)P3 into PI(3,4)P2
(Pesesse et al., 1998; Wisniewski et al., 1999; Czech, 2003;
Dyson et al., 2005). It was recently shown that TirEPEC-depen-
dent recruitment of PI3K leads to the generation of the SHIP2
substrate PI(3,4,5)P3 at bacterial attachment sites (Sason et al.,
2009). However, Sason et al. employed the PH-domain of Akt
that recognizes both PI(3,4,5)P3 and PI(3,4)P2 (Wada et al.,
2001), thus confirming the action of PI3K but leaving the precise
phosphoinositide species present at bacterial foci unclear.
Therefore, we sought to determine whether the SHIP2 inositol-
5-phosphatase phospholipid substrate (PI(3,4,5)P3) and product
(PI(3,4)P2) were present at wild-type EPEC-induced pedestals.
HeLa cells were transiently transfected with fluorescent YFP
probes that specifically recognized PI(3,4,5)P3 (Btk-PH) and
PI(3,4)P2 (TAPP1-PH). PI(3,4,5)P3 was occasionally seen at
pedestals but PI(3,4)P2 was enriched throughout the body of
each pedestal (Figure 5A). The localization of these probes
throughout the pedestal, rather than just at the tip, suggests
that once produced, the lipids are free to diffuse in the
membrane. In contrast, control probes recognizing the early
endosome lipid PI(3)P (P40-PX) and the plasma membraneHost & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier Inc. 17
Figure 4. Influence of SHC on EPEC Actin-Pedestal Formation
(A) Immunofluorescence images of SHC localization in HeLa cells infected
(3 hr) with wild-type EPEC. Fixed cells in the upper panels were stained with
anti-SHC (green), Texas-red conjugated phalloidin to show F-actin (red), and
DAPI to visualize bacteria (blue). The SHC channel is shown in grayscale.
The lower panels were triple stained with anti-SHC (green), anti-SHIP2 (red),
and with DAPI to visualize bacteria and cellular nuclei. The SHC and SHIP2
channels are shown alone in grayscale. Scale bar is 4 mm. Insets show pedes-
tals at a higher magnification.
(B) Immunofluorescence images showing colocalization of SHIP2 or SHC with
Tir in HeLa cells primed (3 hr) with TirEPEC or the non-pedestal-forming Tir
mutant TirEPEC Y474F before a challenge (1 hr) with E.coli expressing intimin.
The left panels show cells costained with anti-SHIP2 (left, green) and anti-
HA, to detect Tir (red). The right panels show cells costained with anti-SHC
(right, green) and anti-Tir (red). Bacteria were also labeled by staining fixed
cells with DAPI (blue). Scale bar is 4 mm. SHIP2 (left) or SHC (right) are shown
individually in the grayscale channel. Immunofluorescence images were used
to quantify SHIP2 and SHC colocalization with Tir. Over 50 stained cells were
analyzed in three independent experiments.
(C) Immunofluorescence micrographs showing the effect of RNAi against SHC
on pedestal morphology. Seventy-two hours after transfection with siRNA
against SHC, HeLa cells were infected with wild-type EPEC (3 hr). Images
display F-actin (red) pedestal morphology by staining with Texas-red-conju-
gated phalloidin as well as DAPI to show bacteria (blue). The actin channel is
shown alone in grayscale (right). Scale bar is 4 mm. Equivalent results were
obtained frommultiple oligonucleotides targeted against SHCwhereas scram-
bled controls had no effect (data not shown).
(D) Images showing the impact of RNAi treatment against SHIP2 and SHC on
SHC recruitment. Seventy-two hours after transfection with siRNA against
SHC (upper) or SHIP2 (lower), HeLa cells were primed (3 hr) with TirEPEC before
a challenge with E. coli expressing intimin (1 hr). Fixed cells were stained with
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EPEC-induced pedestals (Figure S5).
SHIP2 Generates the Phosphoinositide PI(3,4)P2
at EPEC Pedestals
To identify whether SHIP2 dephosphorylates PI(3,4,5)P3 to
generate PI(3,4)P2 at actin pedestals, HeLa cells were transiently
transfected with the corresponding PH probes prior to a prime
and challenge assay. As observed during wild-type EPEC infec-
tion, PI(3,4,5)P3 was faintly visible at Tir
EPEC-induced pedestals
whereas PI(3,4)P2 was observed throughout the body of these
pedestals (Figure 5B). In contrast, aberrant pedestals formed
by TirEPEC Y483F Y511F, which cannot recruit SHIP2, were totally
devoid of PI(3,4)P2, and the phosphoinositide species enhanced
along the length of the elongated protrusions was now switched
to PI(3,4,5)P3. Pedestals induced by the EPEC Tir derivatives
containing only single tyrosine mutations in the TILS motif
(TirEPEC Y483F or TirEPEC Y511F), which recruit SHIP2, were indistin-
guishable from those induced by TirEPEC. These data clearly
demonstrate that recruited SHIP2 generates PI(3,4)P2 at EPEC
pedestals.
SHIP2 PI(3,4)P2 Production at EPEC Pedestals
Generates a Lipid Platform for Lamellipodin to Control
Actin-Pedestal Morphology
We next investigated if SHIP2-mediated production of PI(3,4)P2
at EPEC pedestals stimulates the recruitment of adaptor
proteins to regulate actin-pedestal formation. One PI(3,4)P2-
specific adaptor is the cytoskeletal regulator lamellipodin
(LPD), which has previously been identified at EPEC pedestals
(Krause et al., 2004). By immunofluorescence microscopy we
subsequently observed endogenous LPD at wild-type EPEC
induced pedestals, but it was not recruited to those formed
by wild-type EHEC. (Figure 6A). Equivalent recruitment was
observed following transient transfection of full-length LPD
tagged with GFP (Figure S6A). The PH domain of LPD, which
specifically binds PI(3,4)P2, is both necessary and sufficient for
recruitment of LPD to the plasma membrane (Krause et al.,
2004). Accordingly, endogenous LPDwas observed at pedestals
induced by TirEPEC but was never present at those formed by the
TILS mutant TirEPEC Y483F Y511F (Figure 6A), which does not
generate PI(3,4)P2 (Figure 5A).
To examine if recruitment of LPD is needed for condensed
actin-pedestal formation, cells were depleted for LPD using
RNAi (Figure S6B).Whereaswild-type EPEC and TirEPEC induced
compact actin pedestals on control cells, pedestals formed on
LPD-depleted cells were deregulated and were composed of
several distinct elongated actin protrusions (Figure 6B), indistin-
guishable from pedestals generated on SHIP2-depleted cells.
These data demonstrate that SHIP2-dependent generation ofanti-SHIP2 (upper, green) or with anti-SHC (green, lower) antibodies. Cells
were additionally stained with Texas-red-conjugated phalloidin to visualize
actin (red) as well as DAPI to show bacteria (blue). The SHIP2 channel (upper)
or the SHC channel (lower) is in grayscale. Scale bar is 4 mm. Equivalent results
were obtained from multiple oligonucleotides targeted against SHC. Normal
pedestal morphology was restored following the expression of plasmid-
encoded SHC, thus confirming the specificity of knockdown (data not shown).
See also Figure S4.
c.
Figure 5. SHIP2 Inositol-5 Phosphatase Activity at EPEC-Induced Pedestals
(A) Immunofluorescence images depicting the phosphoinositide composition of wild-type EPEC pedestals. HeLa cells were transiently transfected with the phos-
phoinositide probes TAPP1-YFP, which specifically recognizes PI(3,4)P2 and Btk-YFP, which localizes to PI(3,4,5)P3 (green) (16 hr). Posttransfection cells were
infectedwith wild-type EPEC (3 hr) and probe localizationwasmonitored. Cell nuclei and bacteria were observed by staining fixed cells with DAPI (blue). Scale bar
is 4 mm. Insets show adherent bacteria at a higher magnification.
(B) The distribution of the transiently transfected phosphoinositide probes Btk-YFP (PI(3,4,5)P3) (left, green) or TAPP1-YFP, (PI(3,4)P2) (right, green) in HeLa cells
primed (3 hr) with TirEPEC, TirEPEC Y483F Y511F, TirEPEC Y483F, or TirEPEC Y511F and challenged with E. coli expressing intimin (1 hr) at 16 hr post-transfection. Fixed
cells were stained with DAPI to visualize cell nuclei and bacteria (blue). The phosphoinositide probe alone is shown in grayscale. Scale bar is 4 mm. Insets show
adherent bacteria at a higher magnification. See also Figure S5.
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EPEC Tir Recruits the Host Cell Phosphatase SHIP2a PI(3,4)P2 lipid platform stimulates recruitment of LPD to control
the morphology of actin pedestals.
SHIP2-Mediated Recruitment of SHC and LPD
The order of recruitment of the cellular proteins SHIP2, SHC and
LPD to pedestals generated by wild-type EPEC following RNAi
treatment was subsequently investigated. RNAi-mediated
depletion of SHIP2 blocked recruitment of both SHC and LPD to
EPEC pedestals (Figure 7A). However, depletion of either LPD or
SHC had no impact on SHIP2 localization, indicating that SHIP2
is required for downstream recruitment of both LPD and SHC.
Depletion of LPD does not prevent SHC recruitment, andCellaccordingly depletion of SHC has no effect on LPD recruitment.
Subsequently the importance of SHIP2 catalytic activity in the
importance of SHC and LPD recruitment to EPEC pedestals
was determined. As expected, the catalytic activity was unim-
portant for SHC recruitment but was essential for LPD recruit-
ment (Figure S7). From this localization data a model for the
regulation of the EPEC pedestals was generated (Figure 7B).
DISCUSSION
In this study, we uncovered that TirEPEC residues Y483 and Y511
regulate the actin morphology of EPEC-induced pedestals.Host & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier Inc. 19
Figure 6. Lamellipodin Recruitment and Activity at EPEC Pedestals
(A) The localization of LPD in HeLa cells infected with wild-type EPEC or EHEC or primed (3 hr) with TirEPEC or TirEPEC Y483F Y511F and challenged (1 hr) with labo-
ratory E. coli expressing intimin. HeLa cells were stained for endogenous lamellipodin (LPD; green), an adaptor that is specifically recruited to the SHIP2 product
PI(3,4)P2, 16 hr before infection. F-actin (red) and bacteria/cell nuclei (blue) were observed by staining with Texas red phalloidin and DAPI, respectively. LPD is
shown alone in grayscale. Scale bar is 4 mm.
(B) Immunofluorescence micrographs to show the impact of LPD depletion on EPEC pedestal morphology. HeLa cells were either mock transfected or trans-
fected with siRNA against LPD before a prime (3 hr) with TirEPEC and challenge (1 hr) with laboratory E. coli expressing intimin (left) or infection with wild-type
EPEC (3 hr) (right). Pedestals were observed by phalloidin staining of fixed cells to show F-actin (red) and staining with DAPI to display bacteria and cell nuclei
(blue). The actin channel is shown alone in grayscale. Scale bar is 4 mm. Equivalent results were obtained from multiple oligonucleotides targeted against LPD
whereas scrambled controls had no effect. Normal pedestal morphology was restored following the expression of plasmid-encoded LPD, confirming the spec-
ificity of knockdown (data not shown). See also Figure S6.
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EPEC Tir Recruits the Host Cell Phosphatase SHIP2These tyrosine residues are positioned within TILS and these
mimicked eukaryotic ITIM-containing receptors by recruiting
the cellular SH2-containing inositol 5-phosphatase SHIP2.
SHIP2 recruitment does not require phosphorylation of the
TILS tyrosines, because mutation of Y474, which abolishes
phosphorylation of all Tir tyrosine residues (Phillips et al.,
2004), did not prevent SHIP2 binding (Figure 4B). Although
ITIM-based phosphatase recruitment usually requires tyrosine
phosphorylation, examples of phosphorylation-independent
recruitment have been reported (Hamilton et al., 2002; Yusa20 Cell Host & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier Inet al., 2002). SHIP2 was pivotal for the regulation of pedestal
formation because abolition of its recruitment, either bymutating
the TirEPEC TILS or depleting SHIP2 by RNAi, induced disordered
pedestals consisting of multiple extended and discrete actin
protrusions radiating from a single bacterium.
The gastric pathogen Helicobacter pylori delivers a virulence
factor called CagA that also contains ITIM-like sequences
(Barrow and Trowsdale, 2006). These sequences are phosphor-
ylated by host kinases and, unlike the TirEPEC TILS, bind specif-
ically to the SH2-containing tyrosine phosphatase SHP2 (Higashic.
Figure 7. The Control of Actin-Pedestal Morphology by EPEC
(A) Immunofluorescence images showing the recruitment of SHIP2, SHC, and LPD to wild-type EPEC. Cells were treated with siRNA against SHIP2, SHC, and
LPD for 72 hr prior to infection (3 hr) with wild-type EPEC before being processed for immunofluorescence microscopy. Fixed cells were costained with anti-
SHIP2, anti-SHC, and anti-LPD antibodies as appropriate and bacteria (blue) were visualized by DAPI staining. SHIP2, SHC, and LPD are shown individually
in the grayscale channel. Scale bar is 4 mm. Insets show adherent bacteria at a higher magnification.
(B) EPEC Tir is translocated into the epithelial cell in a type III secretion system-dependent manner. Once delivered, Tir localizes to the plasmamembrane, where it
is clustered by the bacterial outer membrane protein intimin. SHIP2 is recruited to clustered EPEC Tir either through direct or indirect interactions with Y483 and
Y511. Phosphorylation of Tir at Y474 by host kinases promotes recruitment of SHC to SHIP2 at Tir, as well as inducing the signaling cascade necessary for actin-
pedestal rearrangements. SHIP2 also has inositol-5 phosphatase activity and cleaves PI(3,4,5)P3 into PI(3,4)P2 providing a lipid signaling platform essential for the
specific recruitment of the cytoskeletal regulator LPD to control actin pedestal morphology. See also Figure S7.
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EPEC Tir Recruits the Host Cell Phosphatase SHIP2et al., 2002). Interestingly, multimerization of CagA in the
membrane is required for binding of SHP2 (Ren et al., 2006).
We show that clustering of TirEPEC by intimin is necessary forCellSHIP2 recruitment. This suggests that a high local concentration
of binding sites is required for phosphatase engagement by
these ITIM-like sequences.Host & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier Inc. 21
Cell Host & Microbe
EPEC Tir Recruits the Host Cell Phosphatase SHIP2Although EPEC and EHEC Tir both contain ITIM-like
sequences, we found that only TirEPEC mimics the action of
host ITIMs. Phosphorylation of TirEPEC is required to activate
PI3K (Celli et al., 2001; Sason et al., 2009) and initiate Nck-
dependent actin polymerization. It is possible that, in addition
to recruiting SHC and LPD, SHIP2 downregulates PI3K-depen-
dent pathways by dephosphorylating the PI3K product
PI(3,4,5)P3. Such a role would not be required by EHEC because
TirEHEC acts independently of phosphorylation, and thus PI3K,
through the bacterial effector EspFu that coordinates actin
assembly during EHEC pedestal formation (Campellone et al.,
2004a; Garmendia et al., 2004). Because EPEC and EHEC
produce pedestals via divergent pathways, it is perhaps not
surprising that they have evolved different regulatory mecha-
nisms. There have been reports that sequences within the
N-terminal domain of TirEHEC are required to control pedestal
morphology (Campellone et al., 2006), but the mechanism of
this regulation remains unknown. The role of the conserved
TILS motif in EHEC remains uncertain. It is possible this region
recruits as yet unidentified proteins to the pedestal, or it may
have a role only in specific cell types. Alternatively, there may
be additional roles of both EPEC and EHEC TILS beyond
regulation of pedestal structure, which will require further work
to identify.
Like EPEC, a range of bacterial pathogens has the capacity to
manipulate cellular phosphoinositide metabolism but through
the delivery of tailor-made bacterially encoded effectors that
possess inositol phosphatase activity. For example, Salmonella
species deliver the inositol-4,5-phoshatase SopB that promotes
membrane ruffling and controls formation of the Salmonella-
containing vacuole at entry foci (Norris et al., 1998). We report
that EPEC bypasses the need for encoding its own inositol phos-
phatase and instead subverts a cellular inositol phosphatase
through mimicry of host receptor signaling motifs.
In the case of EPEC, we reveal that the TirEPEC TILS motif
subverts SHIP2 activities to generate distinct protein and lipid
signaling platforms that control actin-pedestal morphology.
TirEPEC clustering triggers recruitment of SHIP2 that subse-
quently acts as a protein scaffold for the cytoskeletal regulator
SHC while SHIP2 generation of PI(3,4)P2 anchors the actin
branching protein LPD (Figure 7). Depletion of either SHC or
LPD by RNAi caused severe morphological defects in wild-
type EPEC or TirEPEC-induced pedestals characterized by
discrete actin protrusions beneath an individual bacterium. Our
findings therefore uncover a mechanism by which the dual
action of SHIP2 scaffolding functions and phosphatase activity
ensures the tight compartmentalization and coordination of actin
dynamics during pedestal formation.EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids
EPEC strains were derived from the O126:H7 strain JPN15 (pMar7) (Jerse
et al., 1990) and EHEC strains were derived from TUV93-0, a Shiga-toxin-defi-
cient form of EDL933 (Campellone et al., 2002). The EPEC priming strains
EPECDtir-eae pTirEPEC, EPECDtir-eae pTirEPEC Y474F and the challenge strain
nonpathogenic laboratory E. coli expressing intiminEPEC (Campellone et al.,
2002; Campellone et al., 2004a) were gifts from John Leong (University
of Massachusetts, MA). EHECDtir-eae, pTirEHEC and nonpathogenic
MC1061 expressing intiminEHEC (Campellone et al., 2002), also provided by22 Cell Host & Microbe 7, 13–24, January 21, 2010 ª2010 Elsevier InJohn Leong, enabled the generation of an EHEC prime and challenge system.
Briefly, EHECDtir-eae was transformed with pTirEHEC creating the EHEC
priming strain EHECDtir-eae pTirEHEC. Point mutations were introduced into
TirEPEC and TirEHEC by site-directed mutagenesis.
ToconstructYFP fusions,humanSHP2wasamplifiedbyreverse-transcriptase
polymerase chain reaction (RT-PCR) from total HeLa RNA and full-length cDNA
clones (imaGenes) were used to generate human SHP1 (IMAGE 3140265),
humanSHIP1 (IMAGE6304992), andmurineSHIP2 (IMAGE6416946).PCRprod-
uctscorresponding to theSHIP2SH2domain (residues1-117),DSH2 (118-1258),
PRD(892-1257)andDPRD(1-891)wereamplified fromthe full-lengthSHIP2 (resi-
dues 1-1257) template. All PCR products were cloned into pdEYFP provided by
StefanWiemann (University ofHeidelberg,Germany) (Simpson et al., 2000) using
Gateway technology (Invitrogen). The SHIP2 catalytic deadmutant (SHIP2D607A)
was formed by site-directed mutagenesis.
The phosphoinositide probes GFP-P40PX, GFP-PLCD-PH, and YFP-
TAPP1-PH were kindly donated by Phil Hawkins (Babraham Institute, UK).
The PH domain of Btk (residues 1-170) was amplified by RT-PCR from human
brain total RNA and cloned into pdEYFP, as above. The full-length GFP-LPD
construct was a kind gift from Matthias Krause (King’s College London, UK).
Cell Culture
HeLa cells (ATCC-CCL-2) were maintained in complete growthmedia consist-
ing of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal calf serum (FCS), 2 mM L-glutamine, 200 mg/ml streptomycin, and
100 U/ml penicillin (Sigma Aldrich). Cells were incubated at 37C, 5% CO2 in
a humidified atmosphere.
Cellular Transfection and RNA Interference
Transfection of mammalian cells with Lipofectamine-LTX reagent (Invitrogen)
was performed according to the manufacturer’s instructions. Cells were incu-
bated (16 hr, 37C, 5% CO2) prior to infection.
For RNA interference (RNAi), small interfering RNA (siRNA) from QIAGEN
against SHIP2 (SI04207280, SI00447804, SI00447811), SHC1 (SI2655100,
S100301791, S100047159), and LPD (SI00698642, SI04300982, S104348190)
was transfected into HeLa cells using Oligofectamine reagent (Invitrogen)
according to the manufacturers’ instructions. The transfection mixture was
replaced with complete growth media after 12–24 hr and the cells were incu-
bated (37C, 5% CO2) for a further 48 hr prior to infection and production of
cellular lysates. RNAi efficiencywas determined by immunoblotting. Specificity
of knockdown was confirmed by removing one coverslip from a well following
RNA treatment and transfecting it with the appropriate protein expressed
from a plasmid. In each case transfection of cells restored normal pedestal
morphology.
Western Blot Analysis
Whole-cell lysates were analyzed by SDS-PAGE and immunoblotted with
rabbit polyclonal anti-SHIP2 (Cell Signaling Technology, Danvers, MA), mouse
monoclonal anti-SHC (BD Biosciences, San Jose, CA), rabbit polyclonal anti-
Hsp90 (Santa Cruz Biotechnology; Santa Cruz. CA), rabbit polyclonal anti-LPD
(Krause et al., 2004), kindly provided by Frank Gertler, Massachusetts Institute
of Technology, MA), and rabbit polyclonal anti-LPD (Sigma, Poole, UK).
Prime and Challenge Assay
Briefly, a prime and challenge assay was performed using EPEC (previously
described in Phillips et al., 2004; Hayward et al., 2009) or EHECDtir-eae
pTirEPEC/EHEC (and with additional tyrosine mutations). All priming strains
were grown in 2 x TY media with appropriate antibiotics (8 hr at 37C, 5%
CO2, 225 rpm) before activation of the type III secretion system by dilution
(1:500) into DMEM supplemented with 100mMHEPES (pH 7.4, standing over-
night at 37C, 5% CO2). Activated priming strains were diluted in infection
media (DMEM, 2 mM L-glutamine, 3% [v/v] FCS and 20 mM HEPES [pH 7.4])
and added to cultured mammalian cells seeded onto glass coverslips (3 hr,
37C, 5%CO2). The prime results in delivery of all effectors including Tir, which
localizes to the plasmamembrane in an unclustered form. Extracellular priming
bacteria were removed by incubating primed cells with infectionmedia supple-
mentedwith gentamicin (100 mg/ml, 1 hr, 37C, 5%CO2) followed by additional
washes with infection media. Primed cells were challenged with laboratory
E. coli constitutively expressing intiminEPEC/EHEC (1 hr, 37C, 5% CO2). Thec.
Cell Host & Microbe
EPEC Tir Recruits the Host Cell Phosphatase SHIP2challenge strain was grown overnight in 2 x TY from a single colony with appro-
priate antibiotics (37C, 5% CO2, 225 rpm). Intimin-induced Tir clustering initi-
ates signaling events leading to actin rearrangements and pedestal formation.Infection with Wild-Type EPEC/EHEC
Wild-type EPEC/EHEC strains were grown in 2 x TYmedia prior to activation of
the type III secretion system, as above. Activated strains were diluted in infec-
tion media and added to cultured HeLa cells (3 hr, 37C, 5% CO2).Immunofluorescence Microscopy
Samples were fixed in 3.7% (v/v) paraformaldehye (20 min, room temperature
[RT]) before permeabilization with 0.2% (v/v) Triton X-100 in PBS (15 min, RT).
Permeabilized cells were blocked in 3% (w/v) bovine serum albumin in phos-
phate-buffered saline (PBS) (1 hr, RT) before incubation with the appropriate
primary antibody in PBS (1 hr, RT). Primary antibodies used in this study
were rabbit polyclonal anti-Tir (Phillips et al., 2004; Touze et al., 2004), rabbit
monoclonal anti-SHIP2 (Cell Signaling Technology), mouse monoclonal anti-
pY (Sigma), mouse monoclonal anti-SHC (BD Biosciences), rabbit polyclonal
anti-Nck-1 (Upstate; Billerica, MA), and rabbit polyclonal anti-LPD (Sigma)
antibodies. Following three washes in PBS, Alexa Fluor 488/594-conjugated
secondary antibodies (Invitrogen) were diluted in PBS according to the manu-
facturers’ instructions and added to cells (30 min, RT). Texas-red-conjugated
phalloidin (Invitrogen) (20 min, RT) and DAPI (Invitrogen) (4 min, RT) were
utilized to visualize F-actin and for bacterial and mammalian nuclear staining,
respectively. Cells were rinsed in PBS and dH2O before air drying and
mounting with Prolong Antifade reagent (Invitrogen). Samples were visualized
using a fluorescence microscope (Leica DM-IRBE) and analyzed using Open-
lab and Velocity software (Improvision).Scanning Electron Microscopy
Cells were fixed in 0.2%glutaraldehyde, 1mMCaCl in 0.1MPIPES buffer prior
to processing by the Multi-Imaging Centre (University of Cambridge, UK).
Samples were observed on a scanning electron microscope (FEI Phillips
XL30 FEG).Quantification of SHIP2/SHC Recruitment to EPEC Pedestals
SHIP2/SHC recruitment to pedestals was quantified by scoring number of
pedestals with a clear band of SHIP2/SHC at the tip from immunofluorescence
images over 50 cells. Value represents mean calculated from three indepen-
dent experiments ± standard error of the mean.Statistical Analysis
All experiments were repeated at least three times. The range of values
recorded from two independent groups was compared using the Mann-Whit-
ney U test. A p value < 0.05 was recorded as a significant difference.SUPPLEMENTAL INFORMATION
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